Ecological speciation can proceed despite genetic interchange when selection counteracts 4 homogeneizing effects of migration. We tested predictions of this divergence-with-gene-flow 5 model in Coeligena helianthea and C. bonapartei, two parapatric Andean hummigbirds with 6 marked plumage divergence. We sequenced neutral markers (mtDNA and nuclear ultra 7 conserved elements) to examine genetic structure and gene flow, and a candidate gene (MC1R) to 8 assess its role underlying divergence in coloration. We also tested the prediction of Glogers' rule 9 that darker forms occur in more humid environments, and compared ecomorphological variables 10 to assess adaptive mechanisms potentially promoting divergence. Genetic differentiation between 11 species was very low and coalescent estimates of migration were consistent with divergence with 12 gene flow. MC1R variation was unrelated to phenotypic differences. Species did not differ in 13 macroclimatic niches but were distinct in ecomorphology. Although we reject adaptation to 14 variation in humidity as the cause of divergence, we hypothesize that speciation likely occurred 15 in the face of gene flow, driven by other ecological pressures or by sexual selection. Marked 16 phenotypic divergence with no neutral genetic differentiation is remarkable for Neotropical birds, 17 and makes C. helianthea and C. bonapartei an appropriate system in which to search for the 18 genetic basis of species differences employing genomics. 19 20
Introduction
New species often arise when geographic isolation of populations allows for divergence via 24 genetic drift or selection (Mayr 1963; Coyne and Orr 2004) . Central to this speciation model are 25 the ideas that geographic isolation restricts gene flow, thus allowing for differentiation, and that Kumar et al. 2017 ) implies that attention should be devoted to understanding the 53 selective mechanisms maintaining species as distinct entities in the face of gene flow. 54 In birds, plumage traits are often targets of natural selection. This results in adaptations for 55 foraging and flight efficiency (Zink and Remsen 1986 ), camouflage (Zink and Remsen 1986) examples of involving skin pigmentation in other animals). 72 Here, we test the divergence-with-gene-flow model of speciation as an explanation for the 73 evolution of two Andean hummingbird species, Coeligena helianthea (Blue-throated Starfrontlet) 74 and Coeligena bonapartei (Golden-bellied Starfrontlet). We studied these species because: (1) 75 they have largely parapatric ranges in a topographically complex area of the Andes over which helianthea is considerably darker than in C. bonapartei) and no hybrids have been reported even 80 6 where they coexist locally (except perhaps for a few old specimens; Fjeldså & Krabbe, 1990). 81 And (4), because variation in melanic pigmentation may reflect adaptation to different 82 environments, differentiation in plumage traits between these hummingbird species might have 83 been driven by natural selection. 84 The apparent lack of genetic differentiation between C. helianthea and C. bonapartei (Parra et al. (Pritchard et al. 2000) to assess population structure using UCE data. We performed 20 runs for 194 each value of K from K=1 to K=5, using a burnin period of 10,000 steps and 100,000 repetitions. 218 We determined prior maximum values for the parameters θ and M for each species and each data 219 set based on several test runs. In final analyses aimed to estimate gene flow using both ND2 and 220 UCE data, we set prior values to 0.1 for θ for both species, and to 1,000 for M from C. 221 bonapartei to C. helianthea and to 600 for M from C. helianthea to C. bonapartei. We ran 222 11 Migrate in the CIPRES Portal (http://www.phylo.org/) using a long chain of 300 million steps 223 (sampling 100,000 steps recorded every 3,000 steps) with a burn-in of 100,000 steps.
224
MC1R gene analyses 225 We compared variable sites in MC1R sequences between our study species and translated 226 sequences to aminoacids to check for synonymous and non-synonymous substitutions. As Examining the selective regime: niches and ecomorphological differentiation 232 We tested the hypothesis that natural selection underlies the phenotypic divergence in color 233 between C. heliathea and C. bonapartei through macroclimatic differences in the regions 234 occupied by these species. Specifically, we tested the prediction of Gloger's rule that C. 235 helianthea (with darker plumage) occurs in environments with more humid conditions than C. 236 bonapartei, and examined whether other macroclimatic conditions that may promote adaptation 237 differ between environments occupied by these hummingbirds. We examined ecological Wilson and Jetz 2016) . We selected and excluded variables highly correlated to others 254 (Threshold: 0.7) using the package usdm (Naimi 2015) in R (R Core Team 2016). We conducted 255 niche overlap analyses using 11 variables: three related to temperature, three related to 256 precipitation, four related to cloudiness, and one related to air moisture (Table S2) . 257 We extracted climatic data from 10,000 points from the background environment and from the indicates identical niches), and we performed similarity tests (1,000 iterations) to assess whether 264 niches are less similar (niche divergence) than expected by chance given background climatic 265 variation (Script S2). Significant niche divergence with the darker C. helianthea occupying more 266 humid areas would be consistent with adaptive divergence following Gloger's rule, whereas no 267 significant differences in niches would suggest that adaptation to distinct climatic conditions 268 cannot account for phenotypic differentiation between species. 269 We also assessed whether there is morphometric differentiation between species which may 270 reflect adaptation to different microhabitats or food resources (Stiles 2008) by measuring 17 traits 271 related to beak, wing, tail and leg morphology (Table S3 ). We measured morphological variables bonapartei/consita ( Fig. 2A) . Within the latter clade, relationships among populations appeared 296 to be determined more by geography than by current species-level taxonomy: most sequences of 297 the northern subspecies C. b. consita and C. h. tamai formed a strongly supported clade (PP = 298 1.0, MLbs = 85%), whereas the majority of sequences of southern subspecies C. b. bonapartei 299 and C. h. helianthea formed another moderately supported clade (PP = 0.94, MLbs = 61%). 300 Haplotype networks confirmed the above findings ( Fig. 2B): (1) C. helianthea and C. b. 301 bonapartei/consita shared haplotypes, whereas C. b. eos did not share any haplotypes with the 302 other taxa; and (2) haplotype groups were more consistent with geography than with taxonomy. 303 However, networks showed that the latter pattern is not perfect because two individuals of C. b. 304 bonapartei (from the south) had the haplotype most common in the north, one C. h. tamai (from 305 the north) had the haplotype most common in the south, and one C. b. bonapartei had an 306 intermediate haplotype. 307 14 UCE nuclear markers also did not reveal genetic differentiation between C. helianthea and C. 308 bonapartei. The UCE phylogeny shows a well-supported clade including all sequences of C. 309 helianthea nested within a clade in which the two earliest diverging branches were the two 310 specimens of C. bonapartei (Fig. 2C) . Aditionally, population genetic structure between species 311 in UCE markers was not significant (Fst = 0.2, p = 0.5), and the most likely number of genetic 312 clusters in the data set according to Structure was K = 1 (prob (K=1) = 0.8). Support for larger 313 values of K was much lower and clusters defined assuming different values of K never 314 corresponded to groups defined by species identity (Fig. S1 ).
315
Are patterns of genetic variation consistent with divergence in the face of gene flow? 316 Our data sets fit the assumption of neutrality, allowing one to use them for gene flow inference: Fig. 3B,D) . Whereas ND2 data suggested that gene flow has continued until the present 334 (Fig. 3B) , the UCE data suggested that gene flow likely ceased at approximately half the time 335 passed since these species last shared a common ancestor (Fig. 3D ). by Gloger's rule? 346 We found no support for the prediction that the more darkly colored C. helianthea occurs in more 347 humid environments than C. b. bonapartei/consita: the climatic niches of these taxa overlap 348 considerably (D = 0.65, Fig. 4A ) and we found no evidence for significant niche divergence 349 relative to background climate (p = 0.99). Niche overlap between C. b. eos and C. b. 350 bonapartei/consita and C. helianthea was considerably lower (D = 0.07 and 0.10, respectively, 351 Fig. 4B ), but relative to the background niche differences were not significant (p = 0.70 and 0.76, 352 respectively). (coefficients: LD1 = -39.7, LD2 = -42.6, and LD3 = -23.4). ANOVA models showed significant 360 differences in 12 morphological variables between species, and in 15 variables between sexes 361 (see Fig. S2 ). The three variables that differed the most between species and sexes were length of 362 extended wing (ANOVA coefficients: -3.4 species and 5.9 sex), total culmen (ANOVA 363 coefficients: 2.3 species and 2.2 sex), and length of tail (ANOVA coefficients: 1.0 species and 364 16 3.7 sex). Coeligena b. bonapartei has longer wings, shorter bills and shorter tails than C. h. 365 helianthea (p = < 0.001 in all cases), and females have shorter wings, longer bills and shorter tails 366 than males in both species (p = < 0.001 in all cases). Our analyses further revealed that the 367 magnitude of morphometric differences between sexes varied by species. For example, females distinct given that they occur in regional sympatry in the same macroenvironments in the present. 444 An alternative explanation for the origin and maintenance of phenotypic distinctiveness in 445 plumage, given the strong sexual dichromatism in C. helianthea and C. bonapartei, is that their In conclusion, our study provides evidence that the formation of two species of Andean 462 hummingbirds likely occurred in the face of gene flow, suggesting some form of selection played 463 a role maintaining phenotypic differences and driving speciation. However, because the main 464 selective mechanism we examined (i.e. adaptation to contrasting macroclimatic conditions) 465 appears not to operate in C. helianthea and C. bonapartei, we conclude that ecological pressures 466 that we did not consider directly or sexual selection were likely involved in their divergence. 467 Future studies should thus aim to test predictions of hypotheses of natural and sexual selection 468 acting on this system. Regardless of the selective processes involved, in line with previous 469 research, our study suggests that selection has played an important role in maintaining phenotypic 470 differences that could lead to speciation in tropical montane birds (Cadena et al. 2011 ; Winger 471 and Bates 2015). Finally, the shallow genetic divergence that we observed between these species 472 suggest that their genomes are unlikely to have been substantially affected by processes occurring 473 after speciation (e.g. post-speciation divergence by drift), which makes this system especially 
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Is there morphometric variation between species that may suggest adaptations to
